Twin studies have provided evidence for shared genetic influences between attention-deficit/ hyperactivity disorder (ADHD) and specific reading disabilities (RD), with this overlap being highest for the inattentive symptom dimension of ADHD. Previously, we found evidence for association of the dopamine receptor D1 gene (DRD1) with ADHD, and with the inattentive symptom dimension in particular. This, combined with evidence for working memory (WM) deficits in individuals with RD or ADHD, and the importance of D1 receptors in attentional processes and WM function, suggests that DRD1 may be a common genetic influence underlying both disorders. Here, in a study of 232 families ascertained through probands with reading problems, we tested for association of the DRD1 gene with RD, as a categorical trait, and with quantitative measures of key reading component skills, WM ability, and inattentive symptoms. Although no associations were found with RD, or with reading component skills or verbal WM, we found evidence for association with inattentive behaviour. Specifically, DRD1 Haplotype 3, the haplotype previously found to be associated with inattentive symptoms in ADHD, is also associated with parent-and teacher-reported symptoms of inattention in this sample selected for reading problems (P = 0.023 and 0.004, respectively). Together, the replicated finding of Haplotype 3 association with inattentive symptoms in two independent study samples strongly supports a role for DRD1 in attentional ability. Furthermore, the association of DRD1 with inattention, but not with RD, or the other reading and reading-related phenotypes analysed, suggests that DRD1 contributes uniquely to inattention, without overlap for reading ability.
Introduction
Specific reading disability (RD) (also known as developmental dyslexia) and attention-deficit/hyperactivity disorder (ADHD) are two of the most common disorders of childhood. Each affects about 3-6% of the school-aged population, and each is characterized by deficits that tend to persist over the lifespan. [1] [2] [3] [4] [5] [6] [7] RD is a cognitively complex disorder, defined as a specific impairment of reading ability, despite adequate intelligence and educational opportunity. The essential feature of RD is impairment in the ability to read single words, and it is widely believed that this impairment is a reflection of underlying deficits in multiple cognitive skills, including phoneme awareness, phonological decoding, orthographic coding and rapid automatized naming. 8, 9 Among these, phonological decoding has been found to be the most highly correlated with single word reading. 6, 10, 11 ADHD is characterized by developmentally inappropriate and impairing levels of inattention, hyperactivity and impulsivity. As currently recognized by the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV), the behavioural symptoms of ADHD load onto two separate dimensions, one reflecting inattentiveness and the other reflecting a combination of hyperactivity and impulsivity. These dimensions may be expressed to different extents among children with ADHD, as is reflected in the current DSM-IV designations of primarily inattentive, primarily hyperactive/impulsive and combined subtypes of the disorder.
RD and ADHD are highly familial [12] [13] [14] [15] [16] and twin studies have provided evidence for genetic susceptibility to each of these disorders. Heritability estimates range between B60 and 90% for ADHD, 17, 18 and between B45 and 70% for RD and group deficits in individual reading component skills. 11, 16, [19] [20] [21] [22] [23] It is likely that several genes, each of small to moderate effect, are involved in susceptibility to ADHD and to RD, with some contributing to multiple and others to specific deficits, in each case. 11, 15, 22, [24] [25] [26] [27] [28] Notably, in RD, genetic influences on single word reading and phonological decoding are found to be almost completely overlapping, as evidenced by high genetic correlations (r g = 0.97-0.99) between these key reading skills. 11 It has been well documented, both in clinical and community samples, that ADHD and RD co-occur significantly more frequently than would be expected by chance. The incidence of ADHD in samples selected for RD is typically between B15 and 35%, and conversely, B25 and 40% of individuals with ADHD also meet criteria for RD. 29, 30 Twin studies have provided evidence that comorbidity between RD and ADHD is attributable, in part, to common genetic influences that increase susceptibility to both disorders. 29, 31, 32 Moreover, the evidence indicates that this genetic relationship is stronger with the inattentive dimension than with the hyperactive/impulsive dimension of ADHD. Whereas the rate of crossconcordance for RD and extreme inattention was found to be significantly higher in monozygotic than in dizygotic twins, the rate of cross-concordance for RD and extreme hyperactivity/impulsivity was similar between the two twin types. Consistent with this, bivariate heritabilities were estimated to be 0.39, between RD and inattention, but only 0.05, between RD and hyperactivity/impulsivity. 29 It was also found that phenotypic covariance between RD and symptoms of inattention could be explained primarily by genetic influences. 29 In a recent family-based study of ADHD, our laboratory identified significant evidence for association between ADHD and the gene for dopamine receptor D1, DRD1. 33 Furthermore, we found that a particular DRD1 haplotype was associated with the inattentive symptoms, but not the hyperactive/impulsive symptoms, of the disorder. This haplotype, designated Haplotype 3, is composed of the alleles of four markers spanning the gene, as follows: D1P.5(G), D1P.6/rs265981(T), D1.1/rs4532(G) and D1.7/rs686(C). Further support for the involvement of DRD1 in ADHD comes from a recent case-control study, in which significantly higher frequencies of the D1P.6/rs265981(T) and D1.1/rs4532(G) alleles were found among individuals with ADHD, as compared to controls. 34 Although other family-based studies of ADHD have not replicated the association with DRD1, they may have been hampered by small sample sizes and/or the analysis of individual markers instead of haplotypes. 34, 35 Dopamine receptor D1 is a member of the D1-type family of G-protein coupled receptors, which also includes dopamine receptor D5. These receptors activate adenylyl cyclase and have been implicated in a number of brain functions, including motor control, 36, 37 reward and reinforcement mechanisms, 38 and cognitive processes including attentional regulation 39,40 and short-term and working memory (WM). 41 WM is conceptualized as a limited capacity system that temporarily holds and manipulates active representations of information 'on-line' for further processing or recall in the performance of complex cognitive tasks or behavioural responses. It is generally agreed that the fundamental components of WM include two different storage systems for the handling of either verbal or visuo-spatial information, and a central control system responsible for allocating attention resources. 42 Although there are short-term memory (STM) components to WM models, these two memory concepts are generally considered to be distinct. STM refers to the capacity to store material over a short period of time (several seconds), in situations that do not impose other competing cognitive demands. WM refers to STM functions that require both the storage and the processing (e.g. manipulation) of information, simultaneously. 43, 44 Children with RD often perform poorly on tasks of verbal STM and WM, such as reciting increasingly longer strings of orally presented numbers, or repeating increasingly longer strings of unfamiliar words or pronounceable non-words. 25, [43] [44] [45] [46] [47] In a twin study investigating the relationship between reading performance and verbal WM, it was found that although most of the phenotypic variance in reading ability was independent of WM ability, 80% of the phenotypic correlation between them was attributable to common genetic influences. 25 WM processes are also found to be impaired in individuals with ADHD, with deficits reported in both the visuo-spatial and verbal domains. 48, 49 In addition, correlations between inattention and WM have been observed in the general population. 50, 51 Whether there are shared genetic influences between attentional and WM ability has not been investigated.
Given the frequent comorbidity of RD with ADHD, together with the evidence for genetic overlap between RD and inattentive behaviour, 29 our previous evidence for association of the DRD1 gene with the inattentive symptoms of ADHD 33 has led us to hypothesize that this gene is also involved in susceptibility to RD. Evidence from animal studies, showing the involvement of D1 receptors in attentional regulation and WM processes, [39] [40] [41] further strengthens this hypothesis. Here, in a study of 232 nuclear families identified through children with reading difficulties, we have tested the DRD1 gene as a candidate for involvement in RD. In this study, we have examined the inheritance patterns of the four DRD1 polymorphisms analysed in our previous investigation of ADHD. The transmission/disequilibrium test (TDT) statistic, which tests for biased transmission of alleles or haplotypes from heterozygous parents to their affected children, was used to test for association between DRD1 and the diagnosis of RD, as a categorical trait. In addition, quantitative DRD1 and inattention symptoms P Luca et al trait TDT analyses were carried out to test for associations between DRD1 and continuous variables of key reading skills, verbal STM and WM ability and ADHD symptom dimensions.
Materials and methods
Diagnostic criteria and assessment of the study sample Children, ages 6-16, identified by their teachers as experiencing difficulties with reading (e.g. having trouble learning to read and/or exhibiting below average reading ability relative to their peers) were recruited into this study through schools in Toronto and other Ontario communities. Siblings in the same age range, regardless of reading ability, were also recruited. Only children having English as their first language or having spent at least 5 years in an English speaking school were included in this study. Before participating in the study, parents were queried as to whether their child had ever been diagnosed with ADHD, and any children identified as such were excluded from continuing in the present study, and were referred, instead, to a separate genetic study of ADHD. 33, [52] [53] [54] Following this prescreen for ADHD, children eligible for the present study underwent the full study assessment. Children were subsequently excluded from the study if they scored below 80 on both the verbal and performance domains of the Wechsler Intelligence Scale for Children-III (WISC-III). 55 Other exclusionary criteria included Tourette's syndrome or chronic multiple tics, bipolar disorder, psychosis, or other neurological or serious medical problems, based on the Ontario Child Health Survey Scales-Revised 56 and the parent version of the Children's Interview for Psychiatric Syndromes (P-ChIPS). 57 The P-ChIPS is a structured interview for parents, about their children, that screens for 20 DSM-IV disorders, including ADHD. Scoring of the P-ChIPS adheres strictly to the DSM-IV criteria for presence of the disorder. Psychometric properties of the P-ChIPS have established its utility as an effective screening instrument for psychiatric diagnoses in clinical research settings. 57 Despite the original prescreen for ADHD (described above), 91 (29%) of the children included in this study were found to meet criteria for ADHD according to the P-ChIPS, and these children remained in the study. Among these, the ADHD subtype distributions were found to be as follows: 84% predominantly inattentive subtype, 3% predominantly hyperactive/impulsive subtype and 13% combined subtype.
The measures of reading and language ability, academic performance and verbal STM and WM in this study are from the Wide Range Achievement Test-Revision 3 (WRAT-III), 58 the Woodcock Reading Mastery Test-Revised (WRMT-R), 59 the Comprehensive Test of Phonological Processing (CTOPP) 60 and the WISC-III. 55 The diagnosis of RD, as a categorical trait, was based on three core reading measures: the Word Attack subtest and the Word Identification subtest of the WRMT-R, and the reading subtest of the WRAT-III. RD was defined as achieving scores at least 1.5 s.d. below the population mean on any two of the three measures, or at least 1 s.d. below the population mean on the average of the three. Among probands meeting these criteria, the mean of scores achieved on each of the three core reading tests (76.2, 73.8 and 75.2) falls B2 s.d. below the population mean (100). Thus, the diagnostic criteria capture the extreme lower tail (5th percentile) of the normally distributed continuum of reading ability in the general population.
The skills of single word reading (WRMT-R Word Identification) and phonological decoding (WRMT-R Word Attack) were also analysed as quantitative traits, as were verbal STM and WM skills, and ADHD dimensional symptom scores. The information about ADHD symptoms was obtained through the structured parent interview, P-ChIPs 57 (see above), and through a semistructured interview for teachers (teacher telephone interview, TTI). 61 We note, however, that information from teachers was not available for 76 of the children in this study.
Verbal STM and WM were assessed using the nonword repetition and memory for digits subtests of the CTOPP, 60 and the Digit Span subtest of the WISC-III. 55 The Digit Span subtest has both a backward and a forward component. Digit Span with forward rehearsal is considered a STM task, whereas Digit Span with backward rehearsal, which requires both maintenance and manipulation of the memory store, is considered a WM task. All of the tests (WRAT-III, WRMT-R, CTOPP, WISC-III) and structured (P-ChIPS) and semistructured (TTI) interviews in this study were conducted by Master's or PhD level psychologists under the supervision of a PhD registered clinical psychologist. Interviewers were trained to the criterion of X94% interrater agreement on the TTI.
A total of 232 families were recruited and genotyped in this study. Both parents were genotyped in 193 families, and a single parent in 39 families. There were 82 siblings of the probands included in the sample, giving a total of 314 children in the study. Of these, 123 probands and 23 siblings met the categorical criteria for RD, as defined above. The pertinent characteristics of the sample are shown in Table 1 . This study protocol was approved by the Hospital for Sick Children Research Ethics Board and, for all participants, written informed consent and verbal assent to participate was obtained from parents and children, respectively.
Isolation of DNA and marker genotyping DNA was extracted from peripheral blood using a high-salt method. 62 Markers D1P.5 (À1251 HaeIII) (has no associated rs number), D1P.6/rs265981 (À800 HaeIII), and D1.7/rs686 ( þ 1403 Bsp1286I) were genotyped by restriction digest as described previously. 33 In the course of this work, an assay was developed to genotype the D1.1/rs4532 marker using the TaqMan technology and the ABI 7900-HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). 
Statistical analysis
Linkage disequilibrium (LD) between the DRD1 markers was estimated using the Haploview program v2.03. 65 The TDT analysis, considering RD as a categorical trait, was carried out using the extended TDT (ETDT) program 66 for single markers and the TRANSMIT program 67 for haplotypes. The quantitative trait TDT analyses were carried out using the FBAT program v1.5.5
68 with the additive model of inheritance. To mean centre the traits in the FBAT analyses, population-based mean scores were used as offset values. Power analyses have indicated this to be a useful offset choice when applied to samples, such as this, that have not been ascertained strictly (if at all) on the basis of scores for the particular quantitative trait(s) being analysed. 69, 70 Regardless of the choice of offset, FBAT makes no assumptions about the trait distribution, as the distribution of the test statistic is computed treating the offspring genotype as random, and conditioning on the traits and the parental genotypes. 68 Nevertheless, it has been noted that although non-normality of the phenotype distribution or mis-specification of the offset parameter will not invalidate the FBAT analysis, the test is most powerful when traits are normally distributed and when an appropriate offset value is used. [70] [71] [72] Twosided P-values have been used for all results in this study. The results are reported without correction for multiple testing, as there is currently no consensus in the field regarding a suitable method for use when ) are highly correlated.
Results
The allele frequencies of the four DRD1 polymorphisms analysed in this study are shown in Table 2 . The values are similar to those previously published by others, 34, 63, 64 and to those observed in a sample collected by us, in Toronto, for the study of ADHD. 33 The four markers are also found to be in strong LD with each other (Table 3) , as reported previously. 33, 63 The estimated frequencies of the four-marker haplotypes, as calculated from the parental genotypes, are similar to those observed in the Toronto ADHD sample (Table 4) . 33 Of the 314 children in this study, 146 met our criteria for a diagnosis of RD (as defined in the Materials and methods section). Using this subset of the sample, we first carried out TDT analyses to test for association of the DRD1 gene with RD, as a categorical trait. TDT analysis using the ETDT program showed no evidence for biased transmission of alleles at any of the individual DRD1 markers (Table 2) . Moreover, TDT analysis using the TRANS-MIT program (Table 4) showed no evidence for biased transmission of any of the four-marker haplotypes, including Haplotype 3 (P = 0.702), the haplotype previously found to be associated with ADHD. Next, quantitative trait TDT analyses were used to test for association of the DRD1 gene with two key reading component skills, single word reading (assessed using WRMT-R Word Identification) and phonological decoding (assessed using WRMT-R Word Attack). This quantitative approach allowed us to take advantage of information available for all of the 314 children in our study, regardless of whether they met the full criteria for a categorical diagnosis of RD. Quantitative analyses were also carried out to test for a relationship between the DRD1 gene and verbal STM and WM ability (assessed using CTOPP Non-word Repetition and Memory for Digits, and WISC-III Digit Span-Forward and Backward). The results of these analyses showed no evidence for a relationship between these reading or STM and WM skills and any of the DRD1 markers or haplotypes (all P values > 0.10; see Supplementary Material- Tables 1 and 2) .
Finally, quantitative trait TDT analyses were carried out to test for a relationship between the DRD1 gene and dimensional symptoms of ADHD. As shown in Table 5 , we found significant evidence for association of the DRD1 gene with symptoms of inattention in this study sample. Consistent with the strong degree of LD observed between the DRD1 markers, D1P.6/ rs265981, D1.1/rs4532 and D1.7/rs686 were each found to be associated with inattention symptoms, as reported by parents (P-ChIPS) and/or teachers (TTI). Furthermore, haplotype analyses showed significant evidence for Haplotype 3 association with both parent (P = 0.023) and teacher (P = 0.004) assessed symptoms of inattention. Interestingly, this is the same DRD1 haplotype previously found to be associated with the inattentive symptom dimension in our ADHD study sample. 33 
Discussion
In this study of the DRD1 gene in relation to reading skills, verbal STM and WM, and inattentive behaviour, we found significant evidence for the association of a four-marker haplotype, designated Haplotype 3, with the symptoms of inattention. As noted above, this is the same haplotype previously found to be associated with inattentive symptoms in children with ADHD. 33 In contrast to the association with inattentive symptoms in the present study of families selected for reading problems, the DRD1 gene was not found to be associated with RD, as a categorical trait, or with continuous measures of key reading skills or verbal STM and WM ability. It is noteworthy that while the findings of this study are presented without correction for multiple testing (see Materials and methods), even an overly conservative Bonferroni correction, based on the total number of traits analysed (11) , would retain statistical significance for association of Haplotype 3 with teacherreported inattention (corrected P = 0.04). Thus, the evidence for a relationship between the DRD1 gene and inattentive behaviour in this study sample appears to be quite robust.
Both the inattentive and hyperactive/impulsive symptom dimensions of ADHD have been shown to be heritable, 26, 76 and twin data indicate that shared as well as non-shared genetic influences are likely to underlie the two dimensions. 15, 26, 28 The results of the present study, combined with the results of our previous study of the DRD1 gene in ADHD, 33 clearly indicate a role for DRD1 in attentional ability, in families selected either for ADHD or for reading difficulties. Although we did not find an association between the DRD1 gene and hyperactive/impulsive behaviour in this study, we note that the present study likely has insufficient power to assess this adequately, owing to the lower means of hyperactive/ impulsive symptom scores (P-ChIPS = 1.24; TTI = 1.20), compared to those of inattentive symptom scores (P-ChIPS = 3.41; TTI = 2.12), in the study sample. Nevertheless, our previous findings, using an ADHD sample (in which hyperactive/impulsive symptom means are higher), 33 have indicated that DRD1 is associated primarily with inattentive, rather than hyperactive/impulsive, symptoms.
Attentional processes have long been proposed to be involved in reading. Phenotypic analyses have found associations between the continuous dimensions of reading ability and attention level, and there is evidence that reading deficits are more strongly associated with behavioural symptoms of inattention than with hyperactivity/impulsivity. 30, 77 For example, although children with RD are more likely to exhibit elevations of both inattentive and hyperactive/impulsive symptoms compared to children without reading difficulties, the prevalence of extreme inattention in RD is greater than the prevalence of extreme hyperactivity/impulsivity. 29, 30 Conversely, reading problems are more evident among children diagnosed with the primarily inattentive subtype of ADHD, than among those with the primarily hyperactive/impulsive or combined subtype. 78 In seeking to understand the relationship between reading deficits and inattentive behaviour, twin studies have found evidence for substantial, but not complete, genetic overlap between them (r g = 0.39-0.70), 79 indicating that there are both shared and independent genetic influences on these two traits. Our finding of association with symptoms of inattention, but not with reading skills, suggests that the DRD1 gene is a genetic factor that contributes uniquely to symptoms of inattention, without overlap for reading ability.
On the basis of genetic evidence to date, it is interesting to speculate that dopamine pathways are generally involved in attentional ability. Genetic analyses in relation to continuous symptom measures or ADHD subtypes have suggested that some ADHDassociated genes may be more strongly associated with inattention than with hyperactivity/impulsivity (e.g. DRD4;
80,81 DRD5; 82 DRD1
33
). Yet, other dopamine genes, such as the dopamine transporter (DAT1), may be associated with both symptom dimensions 83 DRD1 and inattention symptoms P Luca et al (and J Crosbie et al., personal communication). Further work will be required to assess fully the role of each of the associated genes in these dimensional behaviours.
Converging evidence suggests that dopaminergic projections to the prefrontal cortex modulate both attentional and WM processes through D1 receptors. [84] [85] [86] However, the exact nature of these mechanisms, and the degree to which they overlap, are not known. The DRD1 findings obtained in this study provide evidence for a genetic influence on attentional ability that is not shared with verbal STM or DRD1 and inattention symptoms P Luca et al WM. We note, however, that while the types of memory tasks assessed here were chosen for study based on their prominence in the neuropsychological research on RD and ADHD, 25, [43] [44] [45] [46] [47] 49 given the complex nature of executive functions, including WM, 42, 87, 88 we cannot rule out the possibility of a relationship between DRD1 and other verbal WM tasks that may make additional or different demands on the system. We also note that previous evidence for the involvement of D1 receptors in WM is, for the most part, limited to tests of visuo-spatial memory in animals. Thus, although we have not found evidence for a relationship between the DRD1 gene and verbal WM ability as assessed in this study, we cannot rule out the possibility of a relationship between this gene and visuo-spatial WM, as the two modalities may involve different neurochemical and/or neuroanatomical mechanisms.
In conclusion, the present evidence for association of the DRD1 gene with behavioural symptoms of inattention, in families selected for reading problems, supports our previous findings of association between this gene and inattentive symptoms in ADHD. To our knowledge, there are no other studies that have investigated the DRD1 gene in relation to dimensional symptoms of inattention in samples selected for ADHD, reading deficits, or other disorders. Our findings of association with Haplotype 3 in two independent study samples strongly indicates that this haplotype contains a genetic risk factor for inattentive behaviour. The molecular basis of the risk conferred by the inheritance of Haplotype 3 remains to be determined. In this study, three of the four polymorphisms comprising Haplotype 3 each showed significant evidence for association with symptoms of inattention. However, these polymorphisms are not predicted to affect D1 receptor function or regulation. Furthermore, no sequence variants were identified in a screen of the DRD1 coding sequence among carriers of Haplotype 3 in the ADHD study sample. 33 Thus, a DRD1 risk allele for inattentive behaviour likely resides outside of the coding sequence, and remains to be identified.
